The Caenorhabditis elegans early embryo is highly polarized, requiring sequestration of cytoplasmic polarity factors at the plasma membrane. This compartmentalization aids asymmetric distribution of lipids and proteins, which is partially responsible for the fates of the daughter cells. Since most plasma membrane proteins are glycosylated, we determined the effect of attenuation of N-glycosylation on cell polarity. While polarity establishment was not perturbed, the size difference between the two cells formed in first cell division (AB and P1) was more variable in embryos with reduced N-glycosylation than in the mocktreated embryos. In addition, among other deficiencies, we observed spindle orientation defects in two-cell embryos. Moreover, cell-cell adhesion was specifically lost at the two-cell stage when N-glycosylation was reduced. This loss-of-adhesion phenotype was rescued by interfering with polarity establishment, indicating that polarity establishment enforces plasma membrane compartmentalization. Consistent with this idea, the decreased plasma membrane levels of the adhesion proteins E-cadherin and MAGI-1 in ribo-1(RNAi) embryos were restored in the absence of functional PAR-2. Our data suggest a general role for N-glycosylation in plasma membrane compartmentalization and cell polarity.
INTRODUCTION
Establishment and maintenance of cell polarity are essential in development. They provide the means of body axis formation and determine cell fate decisions. Moreover, many differentiated cells, such as neurons and epithelial cells, maintain an intrinsic polarity, which is essential for cellular functionality. In early development in many organisms, as well as in epithelial cells, Par proteins are key in the establishment and maintenance of cell polarity. One of the bestcharacterized models for cell polarity is the Caenorhabditis elegans embryo (Motegi and Seydoux, 2013) . In the zygote, a complex of PAR-3, PAR-6 and atypical protein kinase C (aPKC) lines the cortex. Upon fertilization, PAR-2 is recruited to the cortex at the site of sperm entry, which marks the posterior pole. The PAR-2 domain expands, replacing the anterior complex of PAR-3, PAR-6 and aPKC. Finally, in a tug-ofwar, the boundary and the size of the anterior and posterior domains are established. Interestingly, defects in domain size can be corrected at later stages before cell division (Schmutz et al., 2007; Schonegg et al., 2007) .
Neither of the PAR proteins nor aPKC contain a transmembrane domain, and the complexes are recruited to the plasma membrane through lipid interactions (Goehring et al., 2011; Motegi and Seydoux, 2013) . However, it is unknown whether plasma membrane proteins play an essential role in the cortical localization of PAR proteins and thereby contribute to polarity establishment and maintenance in the early embryo. Most plasma membrane proteins are glycosylated. Knockdown of a xylosyltransferase, which is involved in chain extension of O-glycosylated proteins, did not affect polarity establishment but caused a cytokinesis defect (Wang et al., 2005) . Therefore, we decided to concentrate on N-glycosylated proteins and to attenuate N-glycosylation through depletion of oligosaccharyl transferase (OST) complex activity. Over 80% of plasma membrane proteins are N-glycosylated in the ER, and this modification is essential for protein folding, function and stability. We have previously shown that depletion of OST complex components leads to secretion defects (Stevens and Spang, 2013) . Here, we report that N-glycosylation is important for cell adhesion and cell polarity, suggesting a role for N-glycosylated proteins in the compartmentalization of the plasma membrane.
RESULTS AND DISCUSSION
Polarity establishment is normal in ribo-1(RNAi) zygotes
The PAR-3-PAR-6-aPKC complex and PAR-2 are soluble and are recruited to the cell cortex through lipid and protein interactions. To evaluate the role of proteins residing in the plasma membrane in polarity establishment, we reduced the amount of N-glycosylation by depleting a member of the OST complex, ribo-1 [by performing RNAi experiments, denoted ribo-1(RNAi)], and assessed cell polarity in the zygote (Fig. 1A) . mCherry::PAR-6 and GFP::PAR-2 were localized at the plasma membrane in the anterior and posterior portion of the cells, respectively, at the metaphaseanaphase transition in both mock and ribo-1(RNAi)-treated zygotes. In contrast, as reported previously (Rappleye et al., 1999) , depletion of the coronin-like protein POD-1, decreased PAR-2 recruitment to the cell cortex (Fig. 1A) . Our data suggest that N-glycosylation of proteins may not be critical for initial polarity establishment in the C. elegans zygote.
ribo-1(RNAi) increases the variability of the AB:P1 cell-size ratio
In the above experiment, we noticed that, after the first cell division, the difference in cell size between the AB and P1 cells was often less prominent in ribo-1(RNAi) compared to mock-treated embryos. As observed previously (Schierenberg and Wood, 1985) , the AB:P1 size ratio is rather constant in wild-type two-cell embryos, and the AB cell is about 1.4× larger than the P1 cell (Fig. 1B) . In ribo-1(RNAi) embryos, the variance of the AB:P1 ratio is much larger than in the mock-treated control, and the average ratio is smaller. ribo-1(RNAi) early embryos are also exquisitely sensitive to light. To ensure that the apparent cell size changes were not due to an artifact introduced by the imaging method, we repeated the analysis with fixed embryos (Fig. 1C) , and found that this experiment gave same results. Thus, although polarity establishment is not perturbed, the cell size ratio cannot be properly maintained in ribo-1(RNAi) embryos. This is surprising because, in some instances, like upon the depletion of the Rho GTPase-activating proteins (GAPs) RGA-3 and RGA-4, the anterior-posterior domain sizes are not set up properly, yet this defect is corrected before cell division (Schmutz et al., 2007; Schonegg et al., 2007) . It is tempting to speculate that even though the localization of the PAR proteins is not disturbed, the function of PAR complexes might be somewhat impaired. Alternatively, reduced N-glycosylation may compromise spindle positioning and therefore the division plane position may be more variable. Fig. 1 . N-glycosylation is required for cell polarity. (A) Live-cell imaging of mock-treated, and ribo-1(RNAi) or pod-1(RNAi) one-cell embryos expressing mCherry::PAR-6 and GFP::PAR-2. a, anterior; p, posterior; same orientation for all embryos. Arrows point to domain boundaries. 100% of the analyzed embryos [mock=9; ribo-1(RNAi)=22; pod-1(RNAi)=8] showed the depicted phenotype. (B) Quantification of the AB:P1 size ratio in ≥40 live embryos imaged under pressure-free and isosmotic conditions. (C) Example images and quantification of the AB:P1 size ratio of 50 fixed embryos. DNA was stained with DAPI. In the box plots, the box represents the 25-75th percentiles, and the median is indicated. The whiskers show the minimum to maximum range. (D) Mitotic spindles orientation failures in ribo-1(RNAi) two-cell embryos. Fixed DAPI-stained GFP::TBB-2 two-cell embryos were classified. A wild-type progression is shown at the top. Scale bars: 10 µm. *P<0.05; ****P<0.0001; ns, not significant (unpaired two-tailed t-test with Welch's correction).
ribo-1(RNAi) embryos have spindle orientation defects
We next tested whether this variability in cell size has any consequence for subsequent cell divisions. The AB cell is not only bigger than P1 but also enters mitosis first. Thus, there is not only spatial but also temporal asymmetry in the two-cell stage embryo. Moreover, the mitotic spindle rotates by 90°in P1, yielding perpendicular division planes of AB and P1 (Fig. 1D) . We investigated the division pattern in the two-cell embryo by using tubulin fused to GFP (GFP::TBB-2) and DAPI to mark the spindle and DNA, respectively. In 26% of the embryos, we obtained a spindle rotation defect reminiscent of the one observed in par-3 mutants, and in ∼13% one similar to par-2 mutants (Kemphues et al., 1988) (Fig. 1D) . In another ∼13%, the orientation was inverted. However, unlike in par mutants, the timing of entering mitosis in AB and P1 cells appeared to be normal in ribo-1(RNAi) embryos, suggesting that only the spatial but not the temporal asymmetry was affected. These data indicate that the cues for spindle rotation and cell cycle progression are separable.
ribo-1(RNAi) causes loss-of-adhesion specifically after the first cell division
We have reported previously that reduced N-glycosylation leads to severe cytokinesis defects and delayed development (Stevens and Spang, 2013) . The embryos that were able to successfully complete cytokinesis under those conditions, lost the adhesion between AB and P1 cells ( Fig. 2A; Fig. S1 ). Adhesion failed only once, as in subsequent cell divisions, cell adhesion was maintained, and two separate cell masses developed in ∼50% of the ribo-1(RNAi) embryos, as indicated by the cleft between the cell masses ( Fig. 2A,B) . To ensure that the adhesion failure was specific to attenuated N-glycosylation and not due to eggshell formation defects and osmo-sensitivity, we fixed embryos expressing the plasma membrane marker PH(PLC)::GFP (Varnai et al., 2002) . The adhesion phenotype was even more readily detectable after fixation and was independent of osmo-sensitivity or general secretion defects (Fig. 2B) . Neither depletion of the plasma membrane t-SNARE SYX-4 (Jantsch-Plunger and Glotzer, 1999) nor pod-1(RNAi) triggered a similar cleft between AB and P1 cells or a separation of cell masses at later stages of embryonic development (Fig. 2B ), in spite of producing osmosensitive embryos (Sönnichsen et al., 2005 ; data not shown). Thus, the observed adhesion failure is not connected to osmo-sensitivity or general secretion defects, making simple plasma membrane damage an unlikely explanation for the observed phenotypes. We conclude that N-glycosylation is required for proper cell adhesion specifically after the first cell division, and that this lack of adhesion may also contribute to the aberrant spindle positioning at the two-cell stage. Interestingly, in subsequent cell divisions, cell-cell adhesion was not affected to the same extent. One likely explanation is that OST complexes present in sperm, which is resistant to RNAi, provides enough N-glycosylation activity to restore adhesion capabilities in later divisions.
The plasma membrane of the posterior and anterior cell masses have different properties
The two cell masses observed in ribo-1(RNAi) embryos possessed different morphological features, in that the anterior cell mass had a relatively smooth surface, while the posterior cell mass had a rougher appearance (Fig. 2A,C) ; the phenotype was more obvious in later stages of development. Moreover, in ∼10-15% of the embryos, the lipophilic dye FM4-64 penetrated the posterior cell mass much more readily than the anterior cell mass, indicating that the plasma membrane composition in the two cell masses might be different in ribo-1(RNAi) embryos (Fig. 2C) . In contrast, no such distinction was observed in wild-type embryos in which we punctured the eggshell to allow FM4-64 to penetrate. Thus, the physicochemical properties appear to be different between the anterior and posterior cell masses, consistent with an overall alteration in the composition of the plasma membrane.
Loss of polarity establishment rescues the cell adhesion phenotype of ribo-1(RNAi)
This difference in FM4-64 permeability described above could already be observed at the two-cell stage (Fig. 2C, top panel) . We hypothesized that unequal segregation of proteins at the plasma membrane could be the underlying cause of the adhesion defect. To test this hypothesis, we eliminated polarity establishment through depletion of the cell polarity protein PAR-2. ribo-1(RNAi) par-2(RNAi) restored adhesion between the AB and P1 cells, as fewer embryos with a cleft were observed (Fig. 3A,B) . As expected, par-2(RNAi) did not rescue nor cause osmo-sensitivity, as indicated by the inability of FM4-64 to reach the interior of the egg. Consistent with this, impairment of polarity establishment through PAR-6 depletion increased adhesion between cells in ribo-1(RNAi) embryos, while knockdown of two unrelated genes did not alter the ribo-1(RNAi) adhesion defect (Fig. 3B) . Similar results were obtained with temperature-sensitive par-2 and par-4 alleles ( Fig. 3C,D; Fig. S2 ). Thus, the adhesion failure caused by RIBO-1 depletion can be rescued by interfering with cell polarity, whether the embryo cell takes on an anterior fate [ par-2(RNAi)] or posterior [ par-6(RNAi)] cell fate (Fig. 3B ). This suggests that polarization of the embryo, and hence compartmentalization, the plasma membrane might be the cause of the adhesion defect.
Interfering with polarity in multiple ways rescues the cell adhesion defects of ribo-1(RNAi)
If the above interpretation is correct, knockdown of any component involved in cell polarity in the one-cell embryo should rescue the ribo-1(RNAi)-induced adhesion defect. To test this hypothesis, we depleted factors acting downstream of polarity establishment. PPK-1 is a phosphoinositide 5-kinase that is important for asymmetric spindle position in the one-cell embryo (Panbianco et al., 2008) . ppk-1(RNAi) rescued the adhesion phenotype caused by ribo-1 (RNAi) (Fig. 3E) . Similar results were obtained upon depletion of POD-1, or RGA-3 and RGA-4. The observed rescues were not due to a dilution effect of the double knockdown, as ribo-1 mRNA levels were reduced to ∼20% under all conditions (Fig. S3B) . Our data are consistent with the notion that interfering with cell polarity rescues ribo-1(RNAi)-induced loss of adhesion after the first cell division.
Taken together, our data show that attenuation of N-glycosylation through knockdown of RIBO-1 affects adhesion at the two-cell stage. We have shown previously that, under these conditions, the concentration of the plasma membrane-localized yolk receptor RME-2 is strongly reduced (Stevens and Spang, 2013) , suggesting that the concentration of plasma membrane proteins in general might be reduced in ribo-1(RNAi) zygotes. Upon fertilization and, hence, establishment of plasma membrane domains in the zygote, the protein concentration might be too low to provide a sufficient density of proteins in the different domains (Fig. 4G ). Alternatively, it is possible that only fewer or smaller domains can be established and/or maintained. A prediction from both possibilities is that the level of adhesion molecules at cell-cell contacts would be reduced.
MAGI-1 and HMR-1 plasma membrane localization in ribo-1 (RNAi) embryos depends on polarity factors
The conserved cell-cell junction scaffold protein MAGI-1 is expressed in one-cell embryos (Hillier et al., 2009 ) and localized to cell-contact sites of two-cell embryos (Fig. 4A) . Consistent with our prediction, the MAGI-1 signal was drastically reduced at the cleft in ribo-1(RNAi) embryos and restored in par-2(RNAi) ribo-1 (RNAi) embryos (Fig. 4A) . Like MAGI-1, the C. elegans E-cadherin HMR-1 is expressed in the one-cell embryo (Hillier et al., 2009; Munro et al., 2004) . ribo-1(RNAi) significantly reduced E-cadherin staining at the plasma membrane (Fig. 4B,C) . This effect was reversed when polarity was also perturbed. As expected, knockdown of SYX-4 or POD-1 had no gross effect on the localization of MAGI-1 or HMR-1 (Fig. 4A-C) .
Recently, a line in which HMR-1 was chromosomally appended with GFP was reported (Marston et al., 2016) . In this strain, E-cadherin is detectable at the AB-P1 cell contact site (Fig. 4D) . Consistent with the immunofluorescence data, we detected less E-cadherin in ribo-1(RNAi) embryos than in mock-treated or par-2 (RNAi) ribo-1(RNAi) embryos (Fig. 4D,E) . The remaining signal was in the midbody region, which we often observed in fixed embryos to be the only area with residual adhesion. Moreover, the length of the contact site between AB and P1 was strongly reduced (Fig. 4D,F) . Thus, less adhesion molecules are present at the plasma membrane in ribo-1(RNAi) embryos, and this phenotype is rescued by loss of cell polarity. Yet, hmr-1(RNAi) does not phenocopy the adhesion defect of ribo-1(RNAi) embryos (Costa et al., 1998; Klompstra et al., 2015; our unpublished data) . However, innexins also contribute to adhesion in the early embryo (Bossinger and Schierenberg, 1992) . Depletion of innexins in different combinations equally failed to reproduce the ribo-1(RNAi)-induced adhesion defect (J.S., unpublished data). It appears that adhesion in the early embryo is rather complex and cannot be easily destroyed.
Finally, we addressed why the AB-P1 cell adhesion defect was not rescued in later divisions, in which cell-cell contacts were established. We recorded short time-lapse movies focusing on the AB division. In mock-treated embryos, the E-cadherin signal was seen to take up a compact location towards the AB cytokinesis furrow, while new Ecadherin was secreted into the Aba-ABp cleavage furrow ( Fig. S4 ; Movies 1 and 2). In contrast, in ribo-1(RNAi) embryos, the E-cadherin domain 'slid over' to the AB cytokinesis furrow and contributed, with the newly deposited E-cadherin, to cell adhesion, while there was essentially no E-cadherin left at the AB-P1 contact site ( Fig. S4 ; Movies 3-8). These data indicate that after the completion of cytokinesis, secretion to the AB-P1 boundary stops, and new secretion sites are presumably formed at the next cytokinesis sites (Fig. 4G) . Taken together, our data reveal an unexpected interplay between N-glycosylation, membrane compartmentalization, cell adhesion and cell polarity.
MATERIALS AND METHODS

General methods and strains
C. elegans was cultured and maintained as described previously (Brenner, 1974) at 20°C. Strains KK114 [daf-7(e1372) par-2(it5)III], KK184 [ par-4 (it47)V], KK300 [ par-4(it57)V] (Ken Kemphues, Cornell University, Ithaka, USA), GG30 [let-2(g30)X, GG37 (let-2(g37)X] (Gunter von Ehrenstein, MPI Göttingen, Germany) and WH204 {unc-119(ed3) III; ojIs1 [ pie-1::GFP::tbb-2+unc-119(+)]} (Strome et al., 2001) were obtained from the Caenorhabditis Genetics Center (CGC) and TH120 ([ pie-1:: GFP::par-2; pie-1::mCherry::par-6]) from the Hyman Laboratory (Schonegg et al., 2007) . Bob Goldstein (Department of Biology, University of North Carolina, Chapel Hill, NC) provided LP172 {hmr-1 (cp21[hmr-1::gfp+LoxP]) I}. RNAi feeding experiments and embryo fixation were performed as described previously (Stevens and Spang, 2013) . qPCR (Fig. S3 ) was performed as described previously (Solinger and Spang, 2014) . The AB:P1 ratio was determined by measuring the area of AB and P1 in the central plane using Fiji.
Immunostaining and FM4-64 staining HMR-1 and MAGI-1 were detected according to Hadwiger et al. (2010) with modifications from Stevens and Spang (2013) . α-HMR-1 (Developmental Studies Hybridoma Bank; DSHB) was diluted 1:10 and α-MAGI-1 1:5000 (Stetak and Hajnal, 2011) . FM4-64 staining was performed as described previously (Stevens and Spang, 2013) .
Microscopy
Images were acquired with a Zeiss Axioplan 2 microscope equipped with a Zeiss Axio Cam MRm camera (Carl Zeiss, Aalen Oberkochen, Germany) and a Plan Apochromat 63× NA 1.40 objective. Images were processed with ImageJ 2.0.0 (Fiji).
